
The “EXTRA” gravity / Dark Matter

Objectives
Gravity is a fascinating topic.  We have all experimented with gravity since early
childhood dropping objects.  Now, gravity has lead scientists to the discovery of a new
type of matter (or at least a seemingly "extra" amount of gravity) in the universe.  Using
gravitational and centripetal forces students will interpret cosmic data that is evidence of
"Extra" gravity or some "unseen" dark matter in the universe.

Appropriate Courses
This lesson is designed for a high school Physics students who will apply their
knowledge of forces to discover evidence that shows the source of most of the
gravitational force in the our Universe is not visible.  This does use a mathematical
approach but those sections could be left out or lead directly by the teacher.
The goals are that students will be able to use gravitational and centripetal forces to
explain the evidence of Dark Matter.  For math based Physics courses this should be
using formulas/ graphs & written descriptions.  For conceptual based courses students it
would be written descriptions.

California State Standards Alignment
Under the area of Motion and Forces
   1. Newton's laws predict the motion of most objects. As a basis for understanding this
concept:
         4. Students know that when one object exerts a force on a second object, the second
object always exerts a force of equal magnitude and in the opposite direction (Newton's
third law).
         5. Students know the relationship between the universal law of gravitation and the
effect of gravity on an object at the surface of Earth.
         6. Students know applying a force to an object perpendicular to the direction of its
motion causes the object to change direction but not speed (e.g., Earth's gravitational
force causes a satellite in a circular orbit to change direction but not speed).
         7. Students know circular motion requires the application of a constant force
directed toward the center of the circle.

Resources
Centripetal force apperatus (ball attached to the end of a string).
 Graphing program or graph paper.
 Projector with internet capablility or computers to view movies and the website.

Implementation
Students will review gravitational and centripetal forces, try to simulate galactic motion
with a centripetal force apperatus, and graph actual data of planet motion around the sun
and galactic material around the center of a galaxy. Then discuss the difference in the
pattern of the speeds  and possible reasons. Then  they will go throughpart of the
Universadventure.org website discussing & veiw videos that discuss Dark Matter.



Lesson Plan:  The “EXTRA” gravity / Dark Matter

I. Prerequisites:  Students should understand gravitational and centripetal forces including
the equations: F=GMm/R^2   and F=mv^2/R.  Students also need to be able to interpret
graphs.

II. Instructional Procedures:
The numbers refer to the steps below.
#1-5 are designed to do the first day with students finishing #4 & 5 at home.
 #3-5 are in the attached student handout.
If you need to spend more time reviewing, part 2b could also be given as homework
before you start this lesson.
#6 should be the start of the next class after students have completed all of #1-5.
#8 & 9 could also be done as homework.

1) Have students view this introduction to dark matter: The Dark Matter Mystery
http://feeds.pbs.org/~r/pbs/wgbh/nova-video/~3/318278774/nova-v-20080623.m4v

2) Review: Newton's laws predict the motion of most objects. As a basis for
understanding this concept:
         a)When one object exerts a force on a second object, the second object always
exerts a force of equal magnitude and in the opposite direction (Newton's third law). So, a
star exerts a force on a planet & the planet exerts the same magnitude of force on that
star.
        b) The relationship between the universal law of gravitation and the effect of gravity
on an object at the surface of Earth.
      For a review of gravity and F=GMm/r^2 Where:
                  F = force between objects 1 and 2
                  G (constant of proportionality) = 6.67 x 10-11 Nm2/kg2
                  M = mass of first object such as the star (our sun)
                  m = mass of second object such as the planet (Earth)
                  d = distance between the center of each object
                   Have students go through: (also attached printable copy)
                       http://www.universeadventure.org/fundamentals/gravit-basics.htm
                              http://www.universeadventure.org/fundamentals/gravit-equation.htm
                      (George Smoot et al.
                      The Universe Adventure
                       Lawrence Berkeley National Laboratory
                      Copyright 2005 Lawrence Berkeley National Laboratory Physics Division)
                      Last update: July ‘08
         c) Applying a force to an object perpendicular to the direction of its motion causes
the object to change direction but not speed (e.g., Earth's gravitational force causes a
satellite in a circular orbit to change direction but not speed).
          d) Circular motion requires the application of a constant force directed toward the
center of the circle. Review F=mv^2/R Where:



                  F=centripetal force (such as gravitational force of sun on the Earth)
                  M = mass of object feeling the centripetal force (mass of the Earth)
                   V = tangential velocity  (orbital velocity of the Earth)
                   R = radius of the circle (distance from the Earth to the sun)

3) Simulating Gravitational Attraction Activity (see attachment for student handout)
Hold the center tube so that the washers hang downwards and the stopper will swing in a
horizontal circle when you exert a small force.  Keep the stopper swinging with the
minimum consistent force you can.

a) Explain how this represents a planet’s motion and the forces that cause it.
b) How can you make the planet (rubber stopper) go faster?  Slower?
c) State a hypothesis relating distance and speed.
d) Test your hypothesis and record your data in the table.
e) Turn your hypothesis into a statement describing distance from the sun and

tangential velocity of a planet.
f) Does this agree with the fact that Jupiter takes almost 12 times longer than the

Earth to go once around the sun?
g) In galaxies, the stars further from the galactic center spin with about the same

tangential velocity as those closer in, make this apparatus demonstrate this.
Record how you did this.

h) This observed phenomena of star motion in galaxies raised the question of dark
matter.  Why would this motion do that?

4) Graph velocity of planet’s orbit vs. distance from the sun.
      Use this data to graph velocity vs. distance.

AU is an astronomical unit which equals the average distance from the sun to the Earth.

Planet                Distance (AU)         Velocity (km/s)
Mercury                  .383                    47.4
Venus                     .723                    35.0
Earth                      1.00                     29.8
Mars                    1.52                     24.1
Jupiter                    5.20                     13.1
Saturn                    9.53                      9.64
Uranus      19.2                        6.80
Neptune               30.1                         5.43
Pluto                  39.5                        4.67

a) That type of relationship does this graph demonstrate?
b) How does rotational velocity relate to distance from the sun?
c) What force causes this rotational velocity and in what direction is it acting?
d) Sketch the Earth & sun using arrows to show the directions of a) gravitational

force, b) centripetal force, c) tangential velocity, and d) centripetal acceleration.
e) Referring to the gravitational equation and using the words acceleration and

tangential velocity, explain why this data makes sense.
f) Derive the equation for the tangential velocity of a planet around its star.



5) Graph velocity of star vs. distance from the galactic center.
Graphing circular velocities in galaxies around the galactic center.

Use this data to graph tangential velocity vs. distance.

A parsec is 3.09 x 10 ^16 m.  from parallax of one arc second.

                Distance (Kiloparces)        Velocity (km/s)
0.5 50
1                                     60
2                                     90
3                                   110
4                                   125
5                                   125
6                                   125
7                                   130
8                                   130
9                                   132

                             10                                   135
                             11                                   135
                             12                                   130
                             13                                   130
                             14                                   135
                             15                                   135
a)  What type of relationship is this?
b) If you ignore the small distances (0.5-3kiloparces), what can you state about the
     tangential velocity of material orbiting the galactic center?
c)  Does the gravitational force equation explain this?

6)  Class discussion what is going on?

7) Dark Matter videos 13 minutes
http://www.pbs.org/wgbh/nova/sciencenow/0301/01.html

8) Have students go through: (also attached is a printable copy)
http://www.universeadventure.org/final_frontier/dkmttr-whatis.htm
http://www.universeadventure.org/final_frontier/dkmttr-rotnvelocities.htm
http://www.universeadventure.org/final_frontier/dkmttr-galaxialmotion.htm
http://www.universeadventure.org/final_frontier/dkmttr-structure.htm
http://www.universeadventure.org/final_frontier/dkmttr-search.htm

9) Dark Matter video on gravitational lensing  - view after the website.
(5min).http://www.spacetelescope.org/videos/html/mov/320px/heic0709a.html



III .Assessment/Evaluation:
         1) The quality of graphs and explanations which interpret the data.

   2) A quiz covering a review of gravitational and rotational forces,
              and dark matter. (see attachment)

IV.  Other applications or Follow-up activities:
        1)  Gravitational lensing activity with a wine glass.  Students can take photos
              through the base of a wine glass.  They should be able to get a double image of
              the light, which appears like the gravitational lensing that, occurs due to dark
              matter.  Students can also search the web for more examples of gravitational
              lensing of galaxies.
         2) For more advanced study do the applet lab: Galaxy rotation curve fitter.
              http://burro.cwru.edu/JavaLab/RotcurveWeb/main.html

V. Worksheets, Quiz, & Answer Key
                Handout – Simulating Gravity & Graphs
                 Quiz
                 Answer Key



Handout – Simulating Gravity & Graphs         NAME _________________________
Simulating Gravitational Attraction Activity

Hold the center tube so that the washers hang downwards and the stopper will swing in a
horizontal circle when you exert a small force.  Keep the stopper swinging with the
minimum consistent force you can.

a) Explain how this represents a planet’s motion and the forces that cause it.
b) How can you make the planet (rubber stopper) go faster?  Slower?
c) State a hypothesis relating distance and speed.
d) Test your hypothesis and record your data in the table.
e) Turn your hypothesis into a statement describing distance from the sun and

tangential velocity of a planet.
f) Does this agree with the fact that Jupiter takes almost 12 times longer than the

Earth to go once around the sun?
g) In galaxies, the stars further from the galactic center spin with about the same

tangential velocity as those closer in, make this apparatus demonstrate this.
Record how you did this.

h) This observed phenomena of star motion in galaxies raised the question of dark
matter.  Why would this motion do that?

 Graph velocity of planet’s orbit vs. distance from the sun.
      Use this data to graph velocity vs. distance.

AU is an astronomical unit which equals the average distance from the sun to the Earth.

Planet                Distance (AU)         Velocity (km/s)
Mercury                  .383                    47.4
Venus                     .723                    35.0
Earth                      1.00                     29.8
Mars                    1.52                     24.1
Jupiter                    5.20                     13.1
Saturn                    9.53                      9.64
Uranus      19.2                        6.80
Neptune               30.1                         5.43
Pluto                  39.5                        4.67

i) That type of relationship does this graph demonstrate?
j) How does rotational velocity relate to distance from the sun?
k) What force causes this rotational velocity and in what direction is it acting?
l) Sketch the Earth & sun using arrows to show the directions of a) gravitational

force, b) centripetal force, c) tangential velocity, and d) centripetal acceleration.
m) Referring to the gravitational equation and using the words acceleration and

tangential velocity, explain why this data makes sense.
n) Derive the equation for the tangential velocity of a planet around its star.



Graphing circular velocities in galaxies around the galactic center.

Use this data to graph tangential velocity vs. distance.

A parsec is 3.09 x 10 ^16 m.  from parallax of one arc second.

                Distance (Kiloparces)        Velocity (km/s)
0.6 50
1                                     60
2                                     90
3                                   110
4                                   125
5                                   125
6                                   125
7                                   130
8                                   130
9                                   132

                             10                                   135
                             11                                   135
                             12                                   130
                             13                                   130
                             14                                   135
                             15                                   135
a)  What type of relationship is this?
b) If you ignore the small distances (0.5-3kiloparces), what can you state about the
     tangential velocity of material orbiting the galactic center?

c) Does the gravitational force equation explain this?



Quiz   “EXTRA” gravity / Dark Matter       NAME ____________________________

1)  The gravitational force:
a) holds nucleons together in the atom
b) is the strongest of the four forces
c) exists only on Earth
d) exists between any two bodies that have mass

2)  If the sun exerts a force of 10 ^20 N on a planet, what force does the planet exert on
     the sun?   a) 0 N     b) 10 ^10 N    c) 5 x 10 ^ 19 N      d) 10 ^ 20 N

3)  The force that causes the planets orbital motion is:  (choose all correct choices)
           a) perpendicular to the motion of the planet
           b)  parallel to the motion of the planet
           c) causes the planet to change direction
           d) causes the planet to change speed
           e) causes the planet to accelerate

4)  As distance increases the force of gravity:
          a) increases       b) remains constant   c) decreases

5)  As distance increases from the center of the solar systems (the sun), orbital velocity:
        a) increases       b) remains constant    c) decreases

6)  Ignoring the inner most section of a galaxy, as distance increases from the center of a
    galaxy the orbital velocity:
        a) increases       b) remains constant    c) decreases

7)  The orbital velocity of the outer part of a galaxy around its center is explained by:
         a) centripetal force    b) dark matter   c) visible matter   d) light interactions

8)  Dark Matter is dark because:
a) it only acts through gravity
b) it is invisible since it doesn’t absorb or reflect  light
c) it only gives off black light
d) it is baryonic in nature

9)  Dark Matter explains:
a) the 80-90 % of “missing” mass in the Universe
b) was important in star & galaxy formation
c) causes light to bend
d) all of the above



Longer Answer / Explanations:

10) Explain how the orbital velocity of galactic clouds is used as evidence of Dark
Matter.

11) Discuss the other evidences of Dark Matter.

12)  State one other interesting fact you learned from this lesson OR one question this
lesson has raised.



VI.  Answers: scoring letters a-h are 1 point each
     a) The planet and sun are constantly pulled by gravity towards each other as the
           string and rubber stopper pull on each other causing the planet to orbit the sun.
      b)  You can make the planet go faster by shortening the distance to the sun.
      c)  The greater the distance the slower the tangential speed.
      d)  student data  (should show the inverse square relationship)
      e)  The greater the distance a planet is from the sun, the slower its tangential velocity.
      f)  Yes
      g)  I can’t.
      h)   Using this equipment that demonstrates planet motion around the sun due to
            gravity, I can’t mimic observed motion in galactic clouds.  Some other
            explanation is needed which suggests dark matter.
 Data for planets orbiting the sun.  AU is an astronomical unit which equals the average
distance from the sun to the Earth. Scoring: graph is 2 points

Planet                Distance (AU)         Velocity (km/s)
Mercury                  .383                    47.4
Venus                     .723                    35.0
Earth                      1.00                     29.8
Mars                      1.52                     24.1
Jupiter             5.20                     13.1
Saturn                    9.53                      9.64
Uranus           19.2                        6.80
Neptune              30.1                         5.43
Pluto                    39.5                        4.67



Scoring:  each answer is worth 1 point (so for d – each of the labels is 1 point)
a) This graph demonstrates an inverse square relationship.
b) Rotational velocity should decreases as distance increases.
c) The rotational velocity is caused by the gravitational force creating the centripetal

force which is pulling inward, perpendicular to the tangential velocity.
d) SUN     a)  gravitational force (between both)        EARTH

b) Centripetal force pulling Earth towards sun
c) Tangential velocity is going at right angles to the force (up)
d) Centripetal acceleration is from Earth to sun.

e) Gravity supplies the centripetal acceleration on planets.  This acceleration is
equal to the square of the tangential velocity divided by the distance from the sun
to the planet.  So, the further a planet is from the sun, the less the gravity, and
therefore the smaller the tangential velocity.

f)        F             =   m    a

        GMm/R^2    =   m   v^2/R

            GM/R       =          v^2

      Graphing circular velocities in galaxies around the galactic center.
Use this data to graph velocity vs. distance.  A parsec is 3.09 x 10 ^16 m.
 Scoring: 2 points

                Distance (Kiloparces)        Velocity (km/s)
0.7 50
1                                     60
2                                     90
3                                   110
4                                   125
5                                   125
6                                   125
7                                   130
8                                   130
9                                   132

                             10                                   135
                             11                                   135
                             12                                   130
                             13                                   130
                             14                                   135
                             15                                   135

using the actual data from      http://burro.cwru.edu/JavaLab/RotcurveWeb/main.html



                
Scoring:  each answer is 1 point:
a) From about 4 kpc radius outwards this graph shows an almost constant velocity
      independent of radius.
b) Ignoring the smaller distances, the tangential velocity of the material orbiting the

galactic center is constant.
c) The gravitational equation does not explain this relationship.

VI.  Quiz:
Scoring:  1 point for each correct letter (so # 3 gets three points if all letters are there)
1) d     2) d   3) a,c,e  4) c     5) c   6) b    7) b   8) b   9) d

4 points
9)  According to the equation: F = mv^2/R if force is constant,  the further an orbiting
object is from the center the slower it will travel.  Galactic clouds do not show this.  They
tend to have a constant velocity as you move further from the center so something such as
Dark Matter must be causing this. Much more mass needs to be in the outer areas of
galaxies to cause this rotational velocity.

4 points
10)  Other evidences of Dark Matter are:
        Gravitational lensing causing light to bend.  The amount of visible matter can’t
account for that. The degree to which light is bent by galaxies and clusters indicates that
90% of the Matter in the Universe is missing.



          The relative bulk motions of galaxies also could not happen as observed due to
visible matter, again, much more matter is needed.  This is combined with restrictions
from nucleosynthesis show that the majority of the Universe's matter must be non-
baryonic dark matter.
           Galaxy & larger structure formation could not have occurred in the time it did with
only the gravity from visible matter.
            The geometry of the Universe is almost perfectly flat as evidence from
measurements of the CMB power spectrum.  Visible matter can not provide enough mass
for that.

1point
11)  Answers will vary.

The quiz is out of 20 points.


